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Understanding Surface Modifications Induced via Argon
Plasma Treatment through Secondary Electron
Hyperspectral Imaging
Nicholas Farr,* Jeerawan Thanarak, Jan Schäfer, Antje Quade, Frederik Claeyssens,
Nicola Green, and Cornelia Rodenburg
Understanding the effects that sterilization methods have on the surface of a
biomaterial is a prerequisite for clinical deployment. Sterilization causes
alterations in a material’s surface chemistry and surface structures that can
result in significant changes to its cellular response. Here we compare
surfaces resulting from the application of the industry standard autoclave
sterilisation to that of surfaces resulting from the use of low-pressure Argon
glow discharge within a novel gas permeable packaging method in order to
explore a potential new biomaterial sterilisation method. Material surfaces are
assessed by applying secondary electron hyperspectral imaging (SEHI). SEHI
is a novel low-voltage scanning electron microscopy based characterization
technique that, in addition to capturing topographical images, also provides
nanoscale resolution chemical maps by utilizing the energy distribution of
emitted secondary electrons. Here, SEHI maps are exploited to assess the
lateral distributions of diverse functional groups that are effected by the
sterilization treatments. This information combined with a range of
conventional surface analysis techniques and a cellular metabolic activity
assay reveals persuasive reasons as to why low-pressure argon glow
discharge should be considered for further optimization as a potential
terminal sterilization method for PGS-M, a functionalized form of
poly(glycerol sebacate) (PGS).
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Biomaterials are rapidly expanding their
contribution to today’s medical progress,
particularly in the role of a permanent or
transient alternative for damaged or dis-
eased tissues. It is essential that all bio-
materials are sterilized prior to implanta-
tion within the patient. Additionally, the
preservation of the mechanical proper-
ties and surface chemistry of a bioma-
terial poststerilization is essential for the
correct function of the material within
the body.[1] However, commonly deployed
sterilization techniques such as autoclav-
ing (AC), irradiation, or chemical treat-
ment have been shown to alter the sur-
face and/or the mechanical structure of
polymer-based biomaterials.[2] In compari-
son, plasma technology has demonstrated
a promising potential for surface treatment
of biomaterials.[3] A recent review suggests
that argon (Ar) plasma can be employed as a
viable alternative sterilization procedure for
biomaterials.[4]However, several challenges
have to be overcome in order to establish
plasma sterilization as a standardized ISO
method including the characterization of
bioactive species of plasma,[5] understanding of microbiological
interactions,[6] and achieving standardization of the plasma
sterilization method. In particular, ISO standardization requires
separate time consuming analyses of surface properties for each
specified sterilization condition. Here, Ar plasma treatment is
combined with the deployment of semi gas-permeable packag-
ing in order to form a model treatment of potential sterilization
method for future use with polymer-based biomaterials. More-
over, secondary electron hyperspectral imaging (SEHI) is applied
to reveal any localized changes in key functional groups (CH,
OH, and CO) on the surface of a biomaterial induced as a result
of Ar treatment.
The foundation of SEHI is the collection of secondary elec-
tron (SE) emission spectra bymeans of the scanning electronmi-
croscope (SEM). The SE spectra for some hydrocarbon materials
were found to be strongly influenced by excitation of intramolec-
ular vibrations.[7] Thus, SEHI can be successfully applied to the
characterization of polymers,[8] including novel polymeric bio-
materials, and has already revealed the changes in molecular
weight and CH vibrations that occur as a consequence of Ar
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Figure 1. A) Secondary electron spectra for AC, Ar 4, and Ar 10 treated PGS-M highlighting the regions identified as associated with functional group
emissions. B) SEHI images generated from the component analysis of Ar 10 and AC. Mapping C 1s, CH, OH, and CO bonding.
plasma treatment.[9] As SEHI is carried out in the SEM, local
variation in chemical changes and sample topography can be as-
sessed in one step.[10] To do this, SEHI constructs a series of im-
ages of the sample area, where each image is formed from a se-
lected SE energy band. While innovative synchronized structural
and chemical characterization of materials by SEHI has many
uses, this study focuses on revealing and mapping the spatial
variation of functional groups that are affected by Ar plasma treat-
ment through identifying specific energy bands for CH–, OH–,
and CO– groups. In order to identify suitable energy bands for
mapping such variations, a number of reference materials are
used to evaluate the effects that Ar plasma treatment exhibits on
local surface chemistry of sterilized biomaterials. This is impor-
tant as a biomaterial’s functional groups are closely coupled to its
ability to promote cell growth through the local surface variations
that result from the differing polymer side chains.[11,12,13] Detri-
mental surface hydrophobic characteristics of some biomateri-
als developed from synthetic polymers are manifested as a lack
of cell adhesion,[14] resulting in the implanted biomaterial pre-
senting poor tissue infiltration and integration outcomes. Thus a
range ofmaterial characterization techniques in addition to SEHI
are utilized here to further evaluate the effects of Ar plasma treat-
ment of the surface topology of a polymer-based biomaterial, in
this instance PGS-M.
PGS-M is a functionalized form of poly(glycerol sebacate)
(PGS)[15,16] The PGS-M polymer, formed by rendering PGS
(an elastomeric degradable and nontoxic tunable polymer[15])
photocurable through the process of methacryation, displays
characteristics that are perceived as advantageous for biomaterial
applications.[17,18] It has been observed that PGS-M is likely to
include small quantities of unreacted methacrylate side chains
after polymerization by UV, removal of the unreacted methacry-
late, and creating OH– groups on the surface has the potential
to aid cellular growth and further the materials biocompatibility.
Previous studies have indicated that plasma treatment can
remove unreacted methacrylate.[19] In this study, low-pressure
argon glow discharge has been applied for surface treatment
of PGS-M samples. Plasma treated samples exhibit different
functional group densities than those of nontreated PGS-M
control samples. Changes include CO bonding and an increase
of polar hydroxyl groups established through SEHI. These
changes explain the varying ability of PGS-M to support cellular
adhesion after AC or Ar plasma treatment as demonstrated by
contact angle measurements and cell metabolic activity assays.
The PGS-M materials were enclosed in a gas semipermeable
bag, which was exposed to low-pressure Ar glow discharge. Use
of the semipermeable bag ensures that any sterilization effect will
not be compromised between the Ar plasma treatment and cell
growth experiments. In order to assess the chemical changes tak-
ing place during this Ar plasma treatment, and compare this to
the effects of AC sterilization, SE spectra were collected and pre-
sented in Figure 1. This figure shows the SE spectra of AC PGS-
M, 10min argon plasma treated PGS-M (Ar 10), and 4min argon
plasma treated PGS-M (Ar 4) (nontreated PGS-M spectra can be
found in the Supporting Information). For all treatments a peak
is observable within the 1.4–2.3 eV range, however, differences
arise in intensities of the peaks found within this range. Previous
studies have isolated the energy range of 1.4–2.3 eV to the molec-
ular order of carbon (C 1) polymers[6] with a higher order yield
intensity in this energy region. Ar 10 clearly exhibits a greater
carbon peak (Mw) compared to that of Ar 4 and AC. This can
be understood as follows: argon plasma treatment causes a high
levels of free radicals to create crosslinking sites post-treatment,
which directly affect the molecular order of the material. Argon
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plasma treated surfaces also exhibit a greater SE emission in the
energy range that is associated with CH vibrations, with all sam-
ples expressingCH2 andCH3 peaks (Rationale in Figure S2 in the
Supporting Information). Furthermore, the intensity is increased
by prolonged Ar plasma exposure. The peak intensity in this en-
ergy region has been previously shown to have a direct relation-
ship with the crosslinking density of PGS-M.[9] Therefore, the
SE spectrum of Ar 10 suggests a highly crosslinked surface layer.
Reactions within the surface structure by argon plasma induced
radicals form crosslinks, which have the potential to enhance the
crosslinking density between the surface molecular chains.[20,21]
Further, differences in the SE spectra for argon plasma treated
and AC samples are observed within the region of 5–5.5 eV, re-
lated to C=O bonding (Figure S2, Supporting Information). The
spectrum shows that post-argon plasma treatment emissions in
the 5–5.5 eV range are greatly diminished. Argon plasma treat-
ment is understood to cleave away C–O–C bonds attached to
the methacrylate within PGS-M (Figure S6, Supporting Infor-
mation). By cleaving away this bond, removal of methacrylate
greatly decreases the amount of C=O bonds present within the
polymer. It is worth noting that the decrease in C=O bonding is
most noticeable in the Ar 10 rather than Ar 4 samples, which in-
dicates that the cleavage of methacrylate units is time and area
dependent. As more methacrylate is removed, surface crosslink-
ing recombination increases, resulting in an increase in surface
crosslinking of Ar 10. Once methacrylate units are removed, an
OH containing hydroxyl group remains, signified by Ar 10 and
Ar 4 showing emissions within 4.3–5 eV.
While the SE spectra provide an insight into the average chem-
ical changes at the surface, which could also be obtained by
other surface sensitivemethods such as x-ray photoelectron spec-
troscopy (XPS) (Figures S3–S5, Supporting Information), using
the above specific energy ranges to form images in the SEM is
only possible with SEHI. In order to obtain images from the
corresponding spectral components, a non-negative matrix fac-
torization (nnmf) was used to isolate various components be-
tween 0 and 6 eV (Figure S7, Supporting Information). Fig-
ure 1B displays images generated of these components from the
Ar 10 and AC surfaces that can be matched to the peak allo-
cation described in the Supporting Information (SEHI images
and nnmf of nontreated PGS-M are displayed in Figure S13 in
the Supporting Information). When viewing SEHI images, the
brighter the primary color, the greater the SE emissions associ-
ated with that component. Consequently, the brighter the emis-
sion color, the greater the functional group prevalence,[9] where
all analyzed materials are used to determine the upper and low-
est emission values. It is expected that at the length scale of mi-
cro/nanometers, structures will include emission from multi-
ple functional groups. To establish the distribution of functional
groups, one should consider the brightness of specific emissions.
Figure 1B shows the distribution of C 1, C–H, O–H, and C=O
bonding within Ar 10 and AC samples.
It is notable that the topography of Ar 10 plasma treated sam-
ples differs greatly from AC samples, an observation consistent
with previous reports.[4] SEHI images show micrometer-sized
spherical features are clearly present within AC, with strong SE
emission signatures of C=O bonding. The C=O bonding related
emissions of these structures indicate that they contain excess
methacrylate groups. C=O bonding across the matrix of Ar 10 on
the whole is diminished seemingly as a result of the cleaving of
methacrylate post-Ar plasma treatment. SEHI images displayed
in Figure 1B do show spherical nanofeatures within Ar 10, which
exhibit emission of C=O bonding. It is proposed that remnants
of methacrylate, which have not yet been cleaved away from the
surface of PGS-M by Ar plasma treatment, are still traceable. Ad-
ditionally, the micrometer spherical features within AC samples
emitted a far weaker CH bonding signature than the Ar plasma
treated samples, indicating that less crosslinking occurs around
these larger regions. Figure 2 displays SEHI images that further
confirm the breakdown of the micrometer spherical features in
AC PGS-Mwith high SE emission in relation to CO bonding into
the nanodot structures present in the Ar 10 surface.
From SEHI images alone it is obvious from the reduction of
area with strong SE emission in the CO– bonding related en-
ergy range that excess methacrylate has been removed from the
sample as a consequence of the Ar plasma treatment. Further-
more, the increase in OH groups and CH related crosslinking
has clearly become more abundant across the surface matrix
post-Ar plasma treatment. As previously stated, the removal of
unreacted methacrylate together with the introduction of sur-
face OH groups is recognized to aid cell growth through the
enhanced cellular response expected in materials that exhibit
greater crosslinking, and it is expected that cells would adhere
and proliferate better on Ar plasma treated surfaces.
To test the expectations based on SEHI functional group map-
ping and for the purpose of using argon plasma as a terminal
sterilant, it is important to understand how the SEHI results link
to those obtained through commonly practiced characterization
methodologies. This is achieved by investigating how the argon
plasma treatment has affected themechanical properties of PGS-
M. Figure 3A shows the results of nanoindentation. As forecasted
by the SEHI analysis above, Ar 10 displayed an increase in hard-
ness compared to Ar 4 or AC samples. The trend in the nanoin-
dentation data substantiates the SEHI map of CH vibrations and
opens up the potential of SEHI as a nondestructive alternative to
time consuming nanoindentation measurements. Furthermore,
SEHI has the advantage of allowing for crosslinking information
to be obtained at a scale smaller than that available with nanoin-
dentation, using CH-bonding maps.
While CH-bonding maps offer a potential substitute for
nanomechanical testing, we speculate that OH-bonding maps
could substitute for contact angle measurements since cleav-
age of excess methacrylate units from PGS-M allows the forma-
tion of hydroxyl groups, leading to an increased hydrophilicity.
SEHI bonding maps allow for spatially detailed information un-
like that from a contact angle, which just gives bulk samples data.
XPS data (Figure S3, Supporting Information) and SE spectra
(Figure 1A) both show the average content of OH– groups in-
crease as a result of Ar treatment. What SEHI offers is a greater
spatial understanding of how the micrometer–nanoscale struc-
tures emit high traces of OH– groups in the AC samples. SEHI
images in Figure S9 in the Supporting Information show that
the Ar plasma treated PGS-M displayed a greater signature of
OH-groups around nanoscale structures, which are polar and
therefore increase hydrophilicity.[22] Indeed, contact angle results
(Figure 3C) showed that argon plasma treatment increased the
hydrophilicity, which is consistent with previous studies that
demonstrated that plasma has the capacity to change the surface
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Figure 2. SEHI images generated from the component analysis of AC, Ar 4, and Ar 10 mapping CO bonding. Red insets highlight the reduction of
micrometer–nanoscale features high in CO bonding.
Figure 3. A) The hardness (MPa) obtained from nanoindentation for varying degrees of AC, Ar 4, and Ar 10 treated PGS-M (mean± STD error bars). B)
The cell metabolic rate increase (Resazurin assay) of cells cultured on argon treated PGS-M with relative increase given compared to that of AC scaffolds
C) The contact angle (theta) obtained for varying degrees of AC, Ar 4, and Ar 10 treated PGS-M (mean± STD error bars).
chemistry, generating increased hydrophilicity and resulting in
enhanced cell adhesion.[23] However, it is noted that there can be
contributions from topography changes, which can effect contact
angle measurements as surface alterations are visible. Previous
research has also shown that an increase in OH containing func-
tionalities is proportional to improved cellular growth.[24] Based
on this and SEHI results, one expects improved cellular growth
even though the sample materials were not directly exposed to
the plasma but were enclosed within a gas-permeable bag ensur-
ing that the surfaces remain sterile after plasma treatment until
future use.
Here, we assess the sample materials potential to support cel-
lular growth using a cellular metabolic activity assay (Resazurin
assay). Figure 3B displays metabolic activity of cells growing on
the argon plasma treated PGS-M samples and also the AC PGS-
M samples. The results show greater cellular metabolic activity
on the argon plasma treated sample surfaces, indicative of an in-
crease in cell adherence and proliferation above that of the AC
samples. Although a large disparity in cellular metabolic activ-
ity was observed between the argon plasma treated samples, it
is considered that this was due to variation in plasma conditions
within the actual plasma chamber at different sample positions
due to the Ar inlet being located at the rear of the plasma cham-
ber. These disparities emphasize the importance of minimizing
variations in the plasma conditions, a more consistent plasma
environment may be achievable using more advanced plasma
sources.
The observed data confirms that argon plasma treatment
shows a positive relationship to cellular growth. However, SEHI
data and nanoindentation also identified that Ar plasma treat-
ment significantly increased the stiffness of PGS-M samples due
to crosslinking. SEHI maps of CO bonding suggest that surface
structures vary locally and can be changed from ≈500 nm size
(4minAr) to≈50 nm size (10minAr) depending onAr treatment
time. Therefore, future work is recommended to optimize the Ar
plasma intensity and duration in order to produce a sterilized bio-
material while controlling the local variation of mechanical prop-
erties to surface patterns that promote cellular growth. Further to
this work, a large scale sterilization study is required to determine
the efficacy of the model argon plasma treatments with regards
to sterilization at various conditions with a view to providing ev-
idence of its capacity to achieve the recommended sterility as-
surance levels (SALs) to be termed a sterilization method under
ISO requirements[25,26] SEHI offers an efficient way to achieve
this due to its ability to map functional groups with the required
image resolution together with an ability to map at multilength
scales. This ability is vital to attaining a comprehensive under-
standing of cell behavior on Ar plasma treated surfaces. This fu-
ture work, in combination with the use of gas semipermeable
bags as demonstrated in this study, would pave the way for the
wider deployment of argon plasma as a terminal biomaterial ster-
ilization process.
Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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